Abstract-On October 7, 2008, a small F-class asteroid, 2008 TC 3 , exploded in Earth's atmosphere, and produced a strewn field of meteorites in the Nubian Desert of Sudan. Subsequent searches yielded several hundred meteorite fragments, known as Almahata Sitta. This fall was classified as a polymict ureilite. We measured cosmogenic radionuclides in six fragments and noble gases in four fragments of the Almahata Sitta ureilite. The concentrations of 10 Be, 26 Al, and 36 Cl in the meteorite fragments of asteroid 2008 TC 3 indicate a preatmospheric radius of 300 ± 30 g cm )2 . Combined with an absolute radius of 1.8 ± 0.2 m, which was derived from its brightness in space, the cosmogenic radionuclides constrain the bulk density of asteroid 2008 TC 3 to 1.66 ± 0.25 g cm )3 and the bulk porosity to 50 ± 7%. The bulk density of asteroid TC 3 is on the low end of the range of 1.6-3.3 g cm )3 determined for 40 of the recovered ureilite fragments. Since the denser materials have a higher chance of surviving atmospheric fragmentation, the lowdensity ureilites are probably more representative of the bulk asteroid. We thus conclude that the high porosity of asteroid 2008 TC 3 is mainly due to microporosity, which implies that not all low-density asteroids are necessarily rubble pile structures. Finally, from the cosmogenic 21 Ne concentrations, we determined a cosmic-ray exposure (CRE) age of 19.5 ± 2.5 Myr. This age represents the time since asteroid 2008 TC 3 was ejected from a large F-class parent body in the asteroid belt, until its collision with Earth.
INTRODUCTION
, was discovered to be on a collision course with Earth (Kowalski et al. 2008 ). Less than 20 h later, the roughly 4 m large asteroid exploded in the atmosphere at an altitude of 37 km above the Nubian Desert of northern Sudan. In December 2008, a search party led by two of us (PJ and MS) recovered 47 fragments of this meteorite. Several consecutive expeditions increased the total to more than 600 fragments with a total mass of approximately 10.5 kg . The meteorite, known as Almahata Sitta, was classified as an anomalous polymict ureilite and is described in more detail in several other papers in this issue. Since its classification as a polymict ureilite, several chondritic fragments have also been identified in the strewn field, which are believed to be part of the same object and further emphasize that Almahata Sitta is a unique polymict breccia (Bischoff et al. 2010; Shaddad et al. 2010) . Since the reflectance spectrum of 2008 TC 3 is consistent with F-class asteroids, the discovery of the surviving meteorite fragments of Almahata Sitta firmly links ureilites to F-class objects in the asteroid belt. The most likely origin of these F-class asteroids is either the Polana family, which is located near the 3:1 resonance (Cellino et al. 2001; , or the Hoffmeister family, which is located near the 5:2 resonance (Migliorini et al. 1996) .
The preatmospheric size and shape of Almahata Sitta was determined from direct observations of asteroid 2008 TC 3 in the last few hours before impact (Scheirich et al. 2010) . The shape of the asteroid is oblong, with axes of approximately 2.4, 3.6, and 6.6 m, corresponding to a volume of 25 ± 10 m 3 and an effective radius of approximately 1.8 m (Scheirich et al. 2010) . The volume of 25 m 3 is based on an average albedo of 0.049 ± 0.010 for F-class asteroids (Warner et al. 2009) , which is consistent with the measured albedo of 0.046 ± 0.005 for one of the recovered meteorites ). Subsequent albedo measurements on 10 Almahata Sitta ureilite fragments yield a mean albedo of 0.088 ± 0.015 ). An albedo of approximately 0.09 lowers the effective radius of the asteroid to 1.3-1.4 m, which corresponds to a volume of approximately 10 m 3 and a mass of <30,000 kg. This low estimate of the preatmospheric mass does, however, seem inconsistent with the amount of energy released during the atmospheric fragmentation of asteroid 2008 TC 3 . While the distinction between meteoroids and asteroids as a function has ranged from 1 to 10 m, the recent discovery of asteroid 2008 TC 3 by telescopes led Rubin and Grossman (2010) to define asteroids as objects with a minimum size of approximately 1 m.
Additional constraints on the size of asteroid 2008 TC 3 came from the measured kinetic energy in light output and infrasound ), all pointing to an effective radius of approximately 2 m and a mass of approximately 80,000 kg, the latter with an uncertainty of approximately 50%. The acoustic signals from the fireball detected at the Kenyan infrasonic array corresponded to an energy of (6.7 ± 2.1) · 10 12 J. Analysis of the bolide light curve shows a total radiated energy of about 4 · 10 11 J, which translates to a preatmospheric kinetic energy of about 4 · 10 12 J . With an entry speed of 12.4 km s )1 (at 100 km), these values translate to a pre-entry mass between 35,000 and 65,000 kg. Based on the high altitude at which asteroid 2008 TC 3 broke up in the atmosphere, Borovicˇka and Charvat (2009) estimate a bulk porosity of approximately 50%.
While asteroid 2008 TC 3 was in space as a metersized object, it was exposed to cosmic rays, resulting in the production of stable and radioactive cosmogenic nuclides. The production rates of these cosmogenic nuclides in the Almahata Sitta meteorites are functions of the preatmospheric size and mass of the meteoroid, the irradiation depth of samples within the meteoroid, and the chemical composition of the samples. The concentrations of stable cosmogenic nuclides in Almahata Sitta are a measure of its cosmic-ray exposure (CRE) age, i.e., the time between ejection from a shielded position on its much larger (km-sized) parent body and impact on Earth. The concentrations of cosmogenic radionuclides provide information on the shielding conditions of the samples during irradiation. Although the preatmospheric size of the Almahata meteorites is relatively well constrained from the astronomical observations, the preatmospheric mass has a larger uncertainty since the bulk density of the object is unknown. The measured densities of the recovered ureilite fragments show large variations, ranging from 1.6 to 3.3 g cm )3 , suggesting that the small asteroid was quite heterogeneous. The average density of 40 surviving meteorite fragments is approximately 2.8 g cm , but it is not clear whether this value is representative of the bulk density of asteroid 2008 TC 3 . In this work, we report the concentrations of cosmogenic radionuclides and noble gases in six Almahata Sitta ureilite fragments, to determine the preatmospheric mass of asteroid 2008 TC 3 , thus constraining its bulk density and porosity, and to determine its CRE age.
SAMPLE SELECTION AND EXPERIMENTAL METHODS

Sample Selection
We received small chips of six ureilitic Almahata Sitta fragments (#1, #4, #15, #36, #44, and #47), of which four (#4, #36, #44, and #47) were also large enough for noble gas analysis. These samples come from different positions in the Almahata Sitta strewn field, representing almost the full range of the 29 km long area surveyed so far. Sample #1 (4.4 g) represents the low-mass ( <10 g) end of the field, while samples #15 (75 g) and #36 (58 g) traveled up to 22 km further East, representing the high-mass end of the strewn field. The selected ureilite samples show densities ranging from 1.77 to 3.11 g cm )3 . Aliquots of our chips of meteorite fragments #4 and #47 were also analyzed for oxygen isotopes , mineralogy ⁄ petrography , and chemical composition by inductively coupled plasmamass spectrometry (ICP-MS) . For sample #4, the carbon content was determined by A. Steele (personal communication). Short-lived radionuclides were measured in the main mass of sample #15 (Taricco et al. 2010) . Cosmogenic and trapped noble gases were measured in aliquots of samples #1 and #47 (Ott et al. 2010) .
Cosmogenic Radionuclides
We crushed aliquots of 40-125 mg to <0.5 mm. For the analysis of long-lived cosmogenic radionuclides 10 Be (half-life = 1.36 · 10 6 yr), 26 Al (7.05 · 10 5 yr), and 36 Cl (3.01 · 10 5 yr), we dissolved samples in a mixture of concentrated HF ⁄ HNO 3 along with a carrier solution containing 3-5 mg of Be and Cl. After dissolution, Cl was isolated as AgCl, and the remaining solution was evaporated to dryness using HClO 4 . The residue was dissolved in 0.5N HCl and a small aliquot was taken for chemical analysis by atomic absorption spectroscopy (AAS) before adding 2.8-5.5 mg of Al carrier to the remaining solution. The Al content of the meteorite samples (0.14-0.43 wt%) contributes 2-5% of the total Al used for radionuclide analysis. Results of the chemical analysis are shown in Table 1 . We separated Be and Al and measured the concentrations of 10 Be, 26 Al, and 36 Cl by accelerator mass spectrometry (AMS) at Purdue University (Sharma et al. 2000) . After subtracting blank levels, we normalized the measured isotopic ratios to 10 Be, 26 Al, and 36 Cl AMS standards (Sharma et al. 1990; Nishiizumi 2004; Nishiizumi et al. 2007 ). The quoted errors in Table 2 represent 1r uncertainties in the AMS measurements of the samples, blanks and standards, but not the uncertainty in the absolute value of the standards (which is the same for all samples).
Noble Gases
The concentrations and isotopic compositions of light noble gases were measured in chips (#4, #36, #44, and #47) of 30-150 mg in a single extraction step at 1800°C, following procedures described previously (Wieler et al. 1989) . Results are shown in Table 3 . Uncertainties in the measured concentrations are on the order of 4-6%, while uncertainties in the isotopic ratios are approximately 1%. Helium and argon are a mixture of cosmogenic, trapped and radiogenic components, while neon only consists of cosmogenic and trapped components.
Helium
Measured 4 He ⁄ 3 He ratios range from 6.5 to 11.6, somewhat higher than the average cosmogenic 4 He ⁄ 3 He ratio of approximately 6 (Alexeev 1998; Welten et al. 2003) . Although the cosmogenic 4 He ⁄ 3 He ratio varies somewhat as a function of shielding (Reedy 1981) )1 in all samples. These low radiogenic 4 He concentrations are consistent with the low U and Th concentrations reported by Friedrich et al. (2010) in two of our samples (#4 and #47).
Neon
The measured 20 (Go¨bel et al. 1978) . Because of Ar ratio of 0.002 (Rai et al. 2003) , we cannot exclude that the samples, which were in the Nubian desert for several months before being discovered, contain small contributions of trapped atmospheric Ar with a 40 Ar ⁄ 36 Ar ratio of 296. We thus conclude that the measured 40 Ar concentrations are upper limits for the radiogenic 40 Ar component, which cannot be determined reliably. The low radiogenic 40 Ar concentrations are consistent with the low K concentrations ( <5 ppm) in Almahata Sitta.
RESULTS AND DISCUSSION
Chemical Composition
The six fragments of Almahata Sitta show large variations in bulk composition (Table 1) , most notably in Al (0.14-0.43 wt%), Ca (0.9-5.8 wt%), Fe (7.6-20.8 wt%), and Ni (0.03-0.37%), while Mg, Si, and Mn are relatively constant, and K is below our detection limit (approximately 5 ppm). The variations in Al, Ca, Fe, and Ni are similar to those reported in four fragments analyzed by ICP-MS . They are also comparable to variations in chemical composition between individual fragments of another polymict ureilite shower, Frontier Mountain 90036 (Welten et al. 2006 ). In addition, comparison of the chemical composition of fragments #4, #15, and #47 analyzed by Friedrich et al. (2010) with our data shows that the major element concentrations in Almahata Sitta show considerable scatter for different aliquots of the same fragments, implying that the Almahata Sitta polymict ureilite is quite heterogeneous even on a mm to cm scale.
The concentrations of Ni show a positive correlation with those of Fe, yielding a slope of approximately 0.025 (Fig. 1 ). This correlation is most likely due to the presence of variable amounts of metal with an average Ni content of 2.5 wt%. This low Ni content is consistent with kamacite compositions of other ureilites, which have an average kamacite-Ni content of approximately 2 wt% (Berkley et al. 1980) and with kamacite-Ni contents of 1.3-4.5 wt% measured in Almahata Sitta (Hoffmann et al. 2010) . From the measured Fe and Ni concentrations in the Almahata Sitta samples, we estimate bulk metal contents of 0-13 wt% (Table 1) . These large variations in metal content are consistent with the wide range of magnetic susceptibilities found in ureilite falls and finds ( Rochette et al. 2009 ). The metal in Almahata Sitta is mainly present as micron-sized particles (Hoffmann et al. 2010) . Fragment #1 has the highest metal content combined with the lowest bulk density. This observation is consistent with the hypothesis of Herrin et al. (2009) that the reduction of Fe, Mg-silicates by C produced metallic Fe, SiO 2 , and CO, in which the production of CO gas presumably led to the high porosity and thus the low density of fragment #1. In general, bulk SiO 2 contents of achondrites can be derived from the elemental analysis of Mg, Al, Ca, Cr, Mn, Fe, and Ni, by assuming that these elements are present as oxides, using SiO 2 = 100% ) [sum of all oxides]. This method yields SiO 2 contents of 36 wt% (sample #1) to 46 wt% (sample #4) for the Almahata Sitta samples. However, if we take into account that part of the Fe (and all of the Ni) is present as kamacite, the method yields SiO 2 contents of 40-47 wt%. We used the latter method to estimate bulk Si and O contents for Almahata Sitta samples (Table 1) . The large variations in chemical composition have significant effects on the cosmogenic nuclide production rates.
Cosmogenic Radionuclide Concentrations
The measured concentrations of 10 10 Be in ureilites is also produced from carbon, which varies from 0-5 wt% in ureilites. With typical 10 Be production rates of 100-150 atoms min )1 kg )1 for C and 20-25 atoms min )1 kg )1 for silicates (Nagai et al. 1993; Leya and Masarik 2009 ), the 10 Be concentration in ureilites can vary by 20-30% due to variations in carbon. To date, the bulk C content of only one Almahata Sitta sample (#4) has been measured, yielding a value of 2.2 ± 0.3 wt% C (A. Steele, unpublished). Based on the dark color of most Almahata ureilite fragments (including sample #4), we assume that most samples contain approximately 2 wt% carbon, while sample #15 is much lighter in color and probably contains <1 wt% carbon. We thus conclude that the low 10 Be concentration in fragment #15 is most likely due to its low bulk C content. Although variations in O (37-43 wt%), Mg (17-24 wt%), and Si (19-22 wt%) may have also contributed to the observed variations in 10 Be, these effects are small compared to those due to shielding and bulk carbon. (Fig. 2c) , assuming that the elemental production rate of 36 Cl from Ca is 12 times higher than that from Fe, i.e., P( 36 Cl) Ca ⁄ P( 36 Cl) Fe = 12. This assumption is consistent with calculated P( 36 Cl) Ca ⁄ P( 36 Cl) Fe ratios of 10-15 for most depths in moderately large meteorites (Leya and Masarik 2009) . Although small amounts of 36 Cl are produced from Ti, Cr, and Mn, the total contributions from these minor elements are small (1-3%) compared to those from Fe and Ca, and we therefore ignored them. After normalization to the major target elements, the bulk 36 Cl concentrations yield a relatively constant normalized 36 Cl concentration of 18.2 ± 1.1 dpm kg [Fe + 12Ca] )1 , which shows almost no dependence on shielding, as shown by the negligible slope of 36 Cl as a function of the cosmogenic 22 Ne ⁄ 21 Ne ratio (Fig. 2d) Ott et al. (2010) . The ( 22 Ne ⁄ 21 Ne) cos ratio for #15 is assumed to be 1.055 ± 0.015, the average value of the three most shielded samples. The scale of the y-axis of (a, b, d) is chosen so that all three plots show a factor of 2 variation in radionuclide concentration.
main target elements, Fe and Ca, while the variations in 10 Be and 26 Al are mainly due to shielding effects. The dependence of the measured radionuclide concentrations as a function of preatmospheric size are discussed below.
Preatmospheric Size
To match the measured radionuclide concentrations in the Almahata Sitta ureilites with calculated depth profiles, we used elemental production rates of 10 Be, 26 Al, and 36 Cl for carbonaceous chondrites (CC) with radii of 85-200 cm (Leya and Masarik 2009 ). Since the average density of asteroid 2008 TC 3 is unknown, we plot the production rates as a function of depth expressed in g cm )2 , a unit that is commonly used for cosmogenic nuclide depth profiles. Based on a density of 2.25 g cm )3 for CC, radii of 85-200 cm correspond to values of 190-450 g cm )2 . We used a bulk ureilite composition of 2 wt% C, 40.2 wt% O, 20.8 wt% Mg, 20.7 wt% Si, 1.3 wt% Ca, and 13.6 wt% Fe + Ni, the average composition of Almahata Sitta #1, #4, #36, #44, and #47. We assume that the elemental production rates are insensitive to differences in bulk composition between ureilites and chondrites. This seems a reasonable assumption given that the Fe content of the most Fe-rich Almahata Sitta ureilite (20.8 wt%) overlaps with that of CI and CM chondrites (18.5-21.0 wt%). We are aware that the model calculations of Leya and Masarik (2009) are in principle only valid for spherical objects, while observations of asteroid 2008 TC 3 indicate that this object was far from spherical (Scheirich et al. 2010) . Preliminary model calculations on the effect of meteoroid shape indicates that production rates in nonspherical objects are somewhat lower than in spherical objects with the same volume (Masarik and Reedy 1994a; Kim et al. 2005) , suggesting that we may overestimate production rates in asteroid 2008 TC 3 by approximately 10%, but this does not significantly affect our conclusions. Calculated depth profiles of 10 Be, 26 Al, and 36 Cl in ureilites with radii of 190-450 g cm )2 are shown in Fig. 3 . For meteorites with CRE ages >10 Myr, the radionuclide concentrations are in saturation, which implies that the measured concentrations (in dpm kg )1 ) are equal to the production rates (in atoms min )1 kg )1 ). Figure 3a shows that the measured 10 Be concentrations of 21-24 dpm kg )1 in #4, #36, #44, and #47 show best agreement with calculated 10 Be production rates in an object with a radius of approximately 270 g cm )2 . However, this conclusion is somewhat dependent on the assumed bulk carbon content of 2 wt%, which was measured in only one of the samples and may vary from 0 to 5 wt% in other Almahata samples. Lower bulk carbon contents result in lower 10 Be production rates and thus a smaller radius, while higher bulk carbon contents would lead to higher 10 Be production rates and thus a larger radius for asteroid 2008 TC 3 . Therefore, the 10 Be data alone only constrain the radius of asteroid 2008 TC 3 to 225-340 g cm )2 . The correlation between 26 Al and 22 Ne ⁄ 21 Ne (Fig. 2b) shows that 26 Al in Almahata Sitta is more shielding dependent than 10 Be, with 26 Al concentrations of 44-49 dpm kg )1 near the surface and concentrations of 55-60 dpm kg )1 near the center of the preatmospheric object. Figure 3b shows that 26 Al concentrations in the near-surface samples provide little information on the preatmospheric size of Almahata Sitta, because they are consistent with production rates for near-surface locations in objects with radii of 190-450 g cm )2 . However, the relatively constant 26 Al concentrations of 55-60 dpm kg )1 in the four more shielded samples provide a better constraint for the preatmospheric radius. According to the model calculations, objects smaller than 270 g cm )2 in radius yield 26 Al production rates of 60-70 dpm kg )1 at depths >50 g cm )2 , while objects larger than 340 g cm )2 show 26 Al production rates of <55 dpm kg )1 at depths >50 g cm )2 . The measured 26 Al concentrations in the four most shielded Almahata Sitta ureilites thus constrain the preatmospheric radius to 270-340 g cm )2 , with a value of approximately 300 g cm )2 as the best fit. Figure 3c shows a comparison of the measured 36 Cl concentrations in Almahata Sitta with calculated 36 Cl depth profiles using elemental production rates for CC from Leya and Masarik (2009) Cl production rates were normalized to the effective Fe concentration, Fe*, as described above. The measured 36 Cl concentrations in Almahata Sitta seem to constrain the radius of asteroid 2008 TC 3 to <270 g cm )2 (Fig. 3c) . However, the 36 Cl depth profiles in Fig. 3c only include spallation reactions, and do not take contributions from capture of thermal neutrons on 35 Cl into account, which may be significant as thermal neutron fluxes reach a maximum in objects with a radius of approximately 300 g cm )2 (Spergel et al. 1986 ).
The neutron-capture rates of 36 Cl in large objects are strongly dependent on (1) depth in the meteoroid, (2) the macroscopic neutron capture cross section of the meteoroid, and (3) the native Cl concentration (Spergel et al. 1986) . Although the Cl concentrations in Almahata Sitta are unknown, ureilites typically have Cl contents in the range of 0-15 ppm (Garrison et al. 2000) . Based on an average macroscopic neutron cross section, P eff = 0.059 ± 0.013 for Almahata Sitta compositions, compared to P eff = 0.085 for average L chondrite composition (Lingenfelter et al. 1972) , we estimate that neutron-capture rates in Almahata Sitta are approximately 45% higher than in L chondrites of the same size (in g cm )2 ). Expected neutron-capture rates for 36 Cl in the center of an ureilitic object with a radius of 300 g cm )2 are thus on the order of approximately 360 dpm g
)1 Cl, i.e., intermediate between those for chondrites (approximately 250 dpm g
)1 Cl) and those for aubrites (approximately 1000 dpm g
)1 Cl). We used the depth profile of Spergel et al. (1986) , normalized to ureilite compositions to calculate neutron capture 36 Cl production rates for Cl contents of 0-15 ppm and added the neutron-capture 36 Cl contributions to the calculated spallogenic 36 Cl depth profiles of Fig. 3c . Figure 3d shows that even Cl concentrations of a few ppm can result in significant contributions of neutron-capture 36 Cl in the center of an object with R = 300 g cm )2 . This implies that the measured 36 Cl concentrations in Almahata Sitta are consistent with a radius of approximately 300 g cm )2 if we assume Cl contents of 1-3 ppm. We can also turn this argument around, concluding that independent of the exact size of asteroid 2008 TC 3 (as long as it is in the range of 200-400 g cm )2 ), the measured 36 Cl concentrations in the Almahata Sitta ureilites constrain their Cl content to <5 ppm.
In summary, based on the measured 10 Be, 26 Al, and 36 Cl concentrations in the Almahata Sitta ureilites, in comparison with calculated production rates of Leya and Masarik (2009) , we conclude that asteroid 2008 TC 3 had a radius of 300 ± 30 g cm )2 .
Bulk Density and Porosity
From the absolute radius of asteroid 2008 TC 3 (R, in cm), as determined from the brightness in space and . Calculations are based on the elemental production rates in carbonaceous chondrites from Leya and Masarik (2009) , neutron-capture rates for R = 300 g cm )2 (Spergel et al. 1986) , and the average chemical composition of Almahata Sitta ureilites assuming 2 wt% carbon (a) and 0-15 ppm Cl (d). The gray bars in each figure represent the range of measured concentrations in samples #4, #15, #36, and #47 (excluding sample #15 for 10 Be). The measured concentrations and calculated production rates of 36 Cl (c, d) were normalized to an effective Fe concentration, Fe* = Fe + 12Ca.
its albedo, and its radius (r, in g cm )2 ), as determined from the cosmogenic radionuclides, we can determine the bulk density, using q = r ⁄ R. The absolute radius of asteroid 2008 TC 3 is somewhat dependent on the average albedo (a), with reported values of the Almahata Sitta ureilites ranging from a = 0.046 ) to a = approximately 0.09 , which are both within the range of typical albedos of 0.04-0.10 for F-class objects . The corresponding radius of 2008 TC 3 ranges from 134 cm (for a = 0.09) to approximately 200 cm (for a = 0.04), based on an absolute volume of 25 m 3 for a = 0.05 (Scheirich et al. 2010) . For the purpose of this study we assume an albedo of 0.05 ± 0.01, which corresponds to a radius of 180 ± 20 cm. Combining the absolute radius of 180 ± 20 cm with the radius of 300 ± 30 g cm )2
derived from cosmogenic radionuclides, yields a density of 1.66 ± 0.25 g cm )3 and a preatmospheric mass of (41 ± 8) · 10 3 kg (Table 4 ). The preatmospheric mass is below the range of (83 ± 25) · 10 3 kg determined initially ), but consistent with more recent estimates of (50 ± 15) · 10 3 kg .
The density of approximately 1.7 g cm )3
for asteroid 2008 TC 3 is approximately 40% lower than the average density of approximately 2.8 g cm )3 determined for 40 Almahata ureilite fragments (Fig. 4a) , representing approximately 2.6 kg of the recovered meteorite. However, it is within the observed range of 1.6-3.2 g cm )3 for these meteorites . Based on an average mineral grain density of approximately 3.35 g cm )3 for ureilites (Britt and Consolmagno 2003) , the bulk density of 1.66 ± 0.25 g cm )3 of asteroid 2008 TC 3 indicates a porosity of 50 ± 7%. This porosity is higher than porosities of approximately 40% measured in some of the meteorite fragments ), but is remarkably similar to (but more accurate than) the estimate of approximately 50% based on the altitude at which the object exploded in the atmosphere ). The higher average density of the recovered meteorites relative to the bulk meteoroid indicates that the denser materials have a higher probability of surviving atmospheric fragmentation. If we would assume an albedo of approximately 0.09 ) for asteroid 2008 TC 3 , then we would obtain a bulk density of approximately 2.2 g cm )3
, a porosity of 33%, and a total mass of Table 4 . Preatmospheric size, mass, density and porosity of asteroid 2008 TC 3 , based on a radius of 300 g cm )2 derived from cosmogenic radionuclides, and absolute radii of 128-202 cm, based on the absolute magnitude of 30.9, and an average albedo ranging from 0.04 to 0.10. The radius of 180 cm for a = 0.05 is based on a volume of 25 m 3 determined by Scheirich et al. (2010 23,000 kg (Table 4) . Although the density of 2.2 g cm
is within the range of densities measured for the Almahata ureilites, the total mass seems inconsistent with the amount of energy released during atmospheric disruption ), so we prefer the lower albedo, which yields a lower density, a higher porosity, and a larger mass ( Table 4 ). Note that--independent of the average albedo--the derived density of 1.7-2.2 g cm )2 overlaps within empirical uncertainties with the density of approximately 2 g cm )3 reported for one of the main F-class objects, asteroid 142 Polana ). This does not necessarily mean that 142 Polana is the parent body of asteroid 2008 TC 3 , but that F-class objects like asteroid 142 Polana could be the parent body.
Noble Gases and CRE Age
The cosmogenic 3 Ott et al. (2010) , while the 3 He c and 21 Ne c concentrations in our sample #36 are 4% higher and 19% lower, respectively, than the corresponding values measured by Murty et al. (2010) in a different split of the same specimen. This is reasonable agreement in view of the rather small sample size and the chemical heterogeneity of the Almahata Sitta samples. Also the shielding-sensitive ratio, ( 22 Ne ⁄ 21 Ne) cos , is quite constant (around 1.05-1.06) in all samples except sample #44 (this work) and #1 (Ott et al. 2010) . Both samples have a ( 22 Ne ⁄ 21 Ne) cos ratio of approximately 1.10, indicating that they were closer to the preatmospheric surface than the others. The shielding-dependence of the ( 22 Ne ⁄ 21 Ne) cos ratio in ureilites is less well constrained than that for chondrites, but for ''average-sized'' ureilites this ratio is about 2% lower at a given position than it would be at the same position in an L chondrite, due to approximately 20% higher Mg ⁄ (Mg + Al + Si) ratios in ureilites (Aylmer et al. 1990; Masarik and Reedy 1994b) . In a Bern-type plot of 3 He ⁄ 21 Ne versus 22 Ne ⁄ 21 Ne, both normalized to L chondrite composition (Fig. 5) , the Almahata samples plot close to the Bernline, indicating no significant loss of 3 He. The chondrite-renormalized value of the ( 22 Ne ⁄ 21 Ne) cos ratio for most of our samples is about 1.06-1.08, just at the lower end of the range for which it can reasonably be used for shielding correction (Leya et al. 2000) . However, the ( 22 Ne ⁄ 21 Ne) cos ratio in large objects is not always a reliable shielding parameter, as has been shown before (e.g., Welten et al. 2003) . We therefore used two different methods to calculate the CRE age.
In the first method, production rates are calculated according to the formalism of Eugster (1988) Ne) cos ratios are listed in Table 5 . This method yields 3 He ages ranging from 12.9 to 16.7 Myr (average = 14.9 ± 1.8 Myr) and 21 Ne ages of 13.3-15.6 Myr (average = 14.5 ± 0.9 Myr) (Fig. 6) .
In the second method we use elemental production rates from Leya and Masarik (2009) (Fig. 7a) and the 21 Ne ⁄ 26 Al production rate ratio (Fig. 7b) . Previous studies and model calculations (e.g., Graf et al. 1990) (Herzog and Anders 1971) , is still valid today (Lorenzetti et al. 2003) . Figure 7b shows that the calculated 21 Ne ⁄ 26 Al production rate ratio increases from approximately 0.64 near the surface (approximately 20 g cm )2 ) to 0.67 ± 0.01 for depths >50 g cm )2 . Using a 21 Ne ⁄ 26 Al production rate ratio of 0.64 ± 0.02 for the near surface sample (#44) and a ratio of 0.67 for sample #4, #36, and #47, we calculate CRE ages of 18-21 Myr, with an average of 19.5 ± 1.5 Myr ( Ne ratio (Eugster 1988; Aylmer et al. 1990 ). (Eberhardt et al. 1966 ). The correlation is from Nishiizumi et al. (1980 Ne ratio are consistent with a simple exposure history as a large object, thus excluding a significant previous exposure on the parent body. We thus conclude that the CRE age of approximately 20 Myr for Almahata Sitta represents the transfer time of asteroid 2008 TC 3 as a meter-sized body, i.e., after its ejection from a much larger F-type parent body in the asteroid belt, to Earth. Figure 8 shows that the CRE age of the Almahata Sitta ureilite is in the middle of the range of ages of 1-50 Myr for ureilites (Rai et al. 2003) , and is not part of a possible cluster at approximately 10 Myr. Considering the high porosity of asteroid 2008 TC 3 , a CRE age of approximately 20 Myr may seem surprisingly high for such a fragile object. However, the long survival time of asteroid 2008 TC 3 in space is consistent with impact experiments on porous targets, which suggest that the collisional lifetimes of porous objects are the same or higher than for solid objects (Love et al. 1993; Ryan et al. 1999) .
Trapped Noble Gases
Most of our Almahata Sitta samples contain concentrations of trapped 36 Ar on the order of 10-100 · 10 )8 cm 3 STP g )1 (Table 3) , in the range typically found for bulk ureilite samples (Go¨bel et al. 1978; Rai et al. 2003) . Sample #44, on the other hand, is unusually rich in 36 Ar and correspondingly has a remarkably low 40 Ar ⁄ 36 Ar ratio of 0.060. It appears possible that this split contained an untypically large proportion of carbon-rich vein material, which is heavily enriched in trapped noble gases (Go¨bel et al. 1978 (Go¨bel et al. 1978) .
The trapped Ne and Ar abundances in two splits of sample #47 show relatively good agreement with those reported by Ott et al. (2010) for their split from the same sample, i.e., the trapped 20 Ne and 36 Ar concentrations in three splits agree within approximately 25% and approximately 16%, respectively. However, our split of sample #36 shows very different trapped noble gas abundances than those reported by Murty et al. (2010) for their bulk sample of Almahata specimen #36, which is a factor of 3 higher in trapped 36 Ar and a factor of approximately 100 higher in trapped 20 Ne than our sample. Apparently, sample #36 is more heterogenous than sample #47.
SUMMARY AND CONCLUSIONS
The concentrations of cosmogenic 10 Be, 26 Al, and 36 Cl in six fragments of the Almahata Sitta ureilite strewn field indicate that they came from an object with a radius of approximately 300 g cm )2 . Although the absolute size of asteroid 2008 TC 3 is somewhat uncertain due to uncertainties in the average albedo of the asteroid, the effective radius is most likely between 150 and 200 cm, based on the measured albedo of 0.04-0.10 for the recovered meteorites. Given the preatmospheric radius of Almahata Sitta of 180 ± 20 cm as determined from direct observations of the small asteroid before its impact on Earth (assuming an albedo of 0.05), we obtain a bulk density of asteroid 2008 TC 3 of 1.66 g cm )3 and a preatmospheric mass to 33,000-51,000 kg. Based on an average grain density of approximately 3.35 g cm )3 , the inferred bulk density indicates that asteroid 2008 TC 3 had a bulk porosity of approximately 50%, which corroborates independent estimates of the high porosity based on atmospheric fragmentation .
The high porosity of asteroid 2008 TC 3 explains the catastrophic disruption at high altitude in Earth's atmosphere. Most of the recovered ureilite fragments have densities in the range of 2.1-3.2 g cm )3 , which suggests that the surviving meteorites represent the least porous parts of asteroid 2008 TC 3 , which must have been quite heterogeneous in terms of bulk density and bulk porosity. The bulk density of asteroid 2008 TC 3 is on the low end of the range of densities of 1.6-3.7 g cm )3
measured for stone meteorites (Consolmagno and Britt 1998; Britt and Consolmagno 2003) , but is similar to the value of approximately 1.6 g cm )3 determined for the Tagish Lake meteoroid (Hildebrand et al. 2006 ) and only slightly higher than bulk densities of 1.0-1.5 g cm several C-type asteroids, which are assumed to be rubble piles (Britt et al. 2002) . Although the high porosity of asteroid 2008 TC 3 could be interpreted as an argument for a rubble pile structure, the low densities of some of the recovered meteorites from the Almahata Sitta strewn field suggest that most of the porosity in asteroid 2008 TC 3 is due to microporosity, i.e., cracks and voids on a mm to cm scale, as was observed in thin section (e.g., Shaddad et al. 2010; Zolensky et al. 2010 ). This implies that not all low-density asteroids are necessarily rubble pile objects. The cosmogenic 21 Ne and 26 Al concentrations in four Almahata Sitta fragments yield a CRE age of 19.5 ± 2.5 Myr. The combined cosmogenic noble gas and radionuclide records in Almahata Sitta show no evidence of a previous exposure on the surface of a larger parent body. The CRE age of approximately 20 Myr thus represents the transfer time of asteroid 2008 TC 3 from the time it broke off as a large chunk from an F-class parent body in the asteroid belt, evolved to an orbit in the chaotic resonance zone, and was then perturbed into an eccentric orbit on a collision course with Earth. Combined with orbital dynamics models, the CRE age of Almahata Sitta may provide insight into the location of the parent body of asteroid 2008 TC 3 in the main belt, with the two main candidates being the Polana asteroid family near the 3:1 resonance ) and the Hoffmeister asteroid family near the 5:2 resonance (Migliorini et al. 1996) .
